Abstract. Thermal efficiency and power output of gas turbines increase with increasing turbine rotor inlet tem[1perature. The rotor inlet temperatures in most gas turbines are far higher than the melting point of the blade material. Hence the turbine blades need to be cooled. In this work, simulations were carried out with the leading edge of gas turbine blade being internally cooled by coolant passages with V-shaped ribs at angles of 30°, 45° or 60° and at three aspect ratios (1:1, 1:2 and 2:3). The trailing edge of the blade was cooled by cylindrical and triangular pin-fin perforations in staggered and inline arrangements. Numerical analyses were carried out for each configuration of the cooling passages. The best cooling passages for leading edge and trailing edge were deduced by comparing the results of these analyses. It was found that using V-shaped ribs and fins induces a swirling flow, which in turn increases the velocity gradient and hence produces an improvement in heat transfer. The results show that under real time flow conditions, the application of V-shaped ribs and pin-fin perforations is a very promising technique for improving blade life.
Introduction
Thermodynamic study of gas turbines shows that plant efficiency and energy output can be enhanced with higher turbine inlet temperatures. Modern gas turbines try to approach these high temperatures (1500 °C) to improve performance but are limited by the maximum allowable thermal stresses for the blade material. Many cooling techniques can be used on the exterior of a gas turbine blade to enhance its fatigue life, such as internal convective cooling or film cooling. One of the toughest regions to cool is the trailing edge as it must be thin to reduce aerodynamic losses. As the trailing edge is thin, cooling is a challenging task because not enough coolant can be guided to this region. Additional constraints for internal cooling passage geometry in this thin section also arise due to structural integrity and manufacturing difficulty. One of the cooling techniques frequently used by turbine designers for the trailing edge is using twisted tape inserts. Among the different heat transfer techniques, twisted tapes are widely used due to their simple configuration and easy installation. Twisted tapes generate swirls in the tube, which enhances the heat transfer [1] [2] [3] . Date and Saha [4, 5] used a uniform heat flux tube fitted with regularly spaced twisted tapes and predicted the heat transfer and fluid flow behavior with the help of Navier-Stokes and energy equations. Chang [6] has compared the results of serrated and broken tape inserts with smooth twisted inserts. The results showed that thermal energy transfer could be improved with usage of the serrated twisted tape. It was also shown that the heat transfer coefficient, the Fanning friction factor and the heat assessment factor of the tube were increased in a particular Re range. The numerical and experimental techniques discussed above were used for the present work. Kini, et al. [7] [8] [9] [10] [11] [12] [13] [14] found that greater thickness of the turbulator geometry improves the cooling effect of the gas turbine blade. A helicoidal shaped duct was analyzed and it was observed that blade cooling was improved in comparison to straight ducted cooling ducts for an HP stage turbine blade. Kini, et al. found that CFD analysis of the helicoidal cooling duct, buttress shaped grooved configuration and twisted tapes provided a significant improvement in turbine blade cooling.
In the present work, the combined effect of V-shaped ribs and fins on the cooling of a gas turbine blade is studied. Several investigations have shown that flow separation takes place when V-shaped ribs are used. Due to this phenomenon heat from the surface can be more effectively dissipated and hence the heat transfer coefficient can be increased. In the present analysis, several different pin-fin perforation configurations were used to disturb the flow path and hence affect heat transfer performance.
Physical Model and Numerical Method

Governing Equations
The essential governing equations for flow and heat transfer in a flow passage are the Navier-Stokes, energy and continuity equations along with the equations for modeling the turbulence magnitudes. These set of equations were used to solve the present analysis with ANSYS Workbench.
The mass conservation equation is defined in Eq. (1) as follows:
Navier-Stokes equations:
Conservation of momentum in an inertial reference frame is described in Eq.
(2) as follows:
where p is the static pressure,  is the stress tensor (described below), and g  is the gravitational body force.
The stress tensor is given by the following Eq.(3):
where  is the molecular viscosity, I is the unit tensor, and the second term on the right hand side is the effect of volume dilation. For incompressible flow  
.vI  becomes zero.
The energy equation can be expressed in Eq. (4) in the following form:
where effective conductivity The Reynolds number (Re), Nusselt number (Nu), friction factor (f) and thermal performance factor (f) are defined in Eq. (5) as follows:
where Nu 0 and f 0 are the Nusselt number and friction factor of the plain tube, respectively.
Conservation equations were solved for the control volume to yield the velocity and temperature fields. The k-ε turbulence model and well-recognized standard wall function were selected for the present work. This k-ε model is based on the Boussinesque approximation of the Reynolds turbulent stresses. The turbulent eddy diffusivity is expressed in terms of turbulence parameters k and ε.
Physical Model
Schematic diagrams of the gas turbine blade with different rib and fin configurations are shown in Figure 1 -6. Modeling of the gas turbine blade was carried out by measuring the coordinates of the gas turbine blade by CMM in CATIA V5 software. The cooling passages were designed using CAD software and then imported into ANSYS Workbench. Figure 1 shows the gas turbine blade model. 
Leading Edge and V-shaped Ribs
Ribs with aspect ratios (W/H) 1:1, 1:2 and 2:3 were modeled using CAD software and placed on the leading edge of the turbine blade as shown in Figure  2 . Similarly, ribs at angles 30°, 45° and 60° were used for the analysis. 
Trailing Edge with Pin-Fin Perforations
As the trailing edge of the gas turbine blade is thin, ribbed passage cooling is not effective enough. Due to this, circular or triangular pin-fin perforations with different dimensions can be employed to increase the heat transfer rate. The perforation geometry not only increases the surface area but also acts as turbulator and hence increases the overall heat transfer, thus providing adequate blade cooling. In the present work, incline and staggered cylindrical perforations with a diameter of 4 mm were used, as shown in Figure 4 . The same work was carried out for staggered and inline cylindrical perforations with a diameter of 2 mm. 
Numerical Model and Boundary Conditions
ANSYS Workbench 14.5 uses the finite volume method accompanied by boundary conditions to solve the abovementioned governing equations. The computational domain was modeled using ANSYS Workbench 14.5 and meshing was done by using the tetrahedral grid with TGrid type. Spacing of 0.7 mm was maintained for the element. Standard-pressure and first-order upwind discretization schemes for the momentum and energy equations were employed in the numerical model. The velocity-pressure coupling was handled through the SIMPLE algorithm (Semi Implicit Method for Pressure Linked Equations) developed by Patankar [15] . In this algorithm, the discretized momentum equation and the pressure correction equation are solved implicitly, while the velocity correction is solved explicitly. In addition, convergence criteria of 10-6 were used for energy, continuity and velocity components.
Simulation needs to be conducted with high pressure and high temperature conditions to understand the physics of cooling of a gas turbine working in a real time operating environment. The parameters simulating the gas turbine operating environment are listed in Tables 1 and 2 . The energy equation and k-ε model (second order equation) with enhanced wall treatment were used for modeling the turbulent flow in the analysis. The turbulence model is explained in [16] [17] [18] and summarized in Table 2 without further explanation. Boundary conditions and material properties were specified as derived from Kini, et al. [7] [8] [9] [10] [11] [12] [13] [14] . The through flow of hot gases had a convective heat transfer coefficient of 2028 W/m2K and a free stream temperature of 1561 K. The inlet of the coolant had a pressure of 1.6 MPa and a temperature of 644 K [19] [20] . A grid independence test was carried out. Four different grid systems, with 0.35, 0.3, 0.25 and 0.2 spacing, were investigated. The temperature was calculated over the chord length of the blade, as shown in Figure 5 , which demonstrates that the difference between the calculated results for 0.25 and 0.2 spacing (i.e. 18 lakh and 21 lakh nodes respectively) was very small. Therefore, the gird system with 0.2 spacing was adopted for the simulation.
Results and Discussion
Cooling passages for the leading edge with aspect ratios of 1:1, 1:2 and 2:3, were used for the analysis and the angle between the V in the ribs was varied between 30°, 45° and 60°. Figure 8 illustrates the temperature distribution plot for the three different angles of the V shaped ribs with aspect ratios of 1:1, 1:2 and 2:3. From the plot ( Figure 6 ) it can be clearly seen that the configuration with 45° had the best cooling effect when compared with other the configurations due to its effective swirling effect. From the above results and comparisons it can be concluded that V-shaped ribs with an aspect ratio of 2:3 and a rib angle of 45° offered better cooling when compared to the other rib configurations.
Thermal Performance of V-shaped Ribs at Leading Edge
Figure 7
Temperature distribution plot for V-shaped ribs with different aspect ratios and rib angle at 45°.
The results of the three aspect ratios combined with a rib angle of 45° were compared with the other aspect ratios, as shown in Figure 7 . From the graph it is clear that the V-shaped rib configuration with an aspect ratio of 2:3 and a rib angle of 45° offered maximum cooling effect when compared to the other configurations. Using V-shaped ribs with an aspect ratio of 2:3 and a rib angle of 45°, the temperature of the blade at the leading edge decreased by 30%, i.e. from 1561 K to 1100 K.
Thermal Performance of V-shaped Ribs at Trailing Edge
Since the trailing edge is thin, a ribbed passage cannot be applied due to space constraints. For this reason, circular or triangular pin-fin perforations of different dimensions can be employed to increase the heat transfer rate. The perforation geometry not only increases the surface area but also acts as turbulator and hence increases the overall heat transfer, thus providing adequate blade cooling. Simulations were carried out for cylindrical perforations arranged in staggered and inline arrangements. Cylindrical perforations with diameters of 2 mm and 4 mm were used for the first analysis.
Comparing the results of the inline and staggered arrangements of cylindrical perforations with a diameter of 4 mm, as shown in Figure 8 , it can be observed that the staggered arrangement showed better cooling than the inline arrangement. Hence the staggered arrangement was selected for further analysis.
Figure 8
Comparison of staggered and inline arrangement of cylindrical pin-fin perforations with a diameter of 4 mm.
The same analysis was carried out for staggered cylindrical perforations with a diameter of 2 mm. It can be observed from Figure 9 that using staggered perforations with a diameter of 2 mm gave the best cooling effect.
Figure 9
Comparison of staggered and inline arrangements of cylindrical pinfin perforations with a diameter of 4 mm and staggered cylindrical pin-fin perforations with a diameter of 2 mm.
Simulations were also carried out for triangular perforations and the results were compared with those of the cylindrical perforations, as shown in Figure  10 . It is clear that the staggered perforation arrangement of triangular fins with 4-mm sides had the most uniform cooling effect among the other configurations. With application of staggered triangular perforations with 4-mm sides, the temperature at the trailing edge of the blade was decreased by 32%, i.e. from 1561K to 1150 K.
Figure 10
Comparison of triangular and cylindrical pin-fin perforations with a staggered arrangement. It is clear from the previous results that by using ribs with an aspect ratio of 2:3 and a 45° rib angle in the leading edge and staggered triangular pin-fin perforations with 4-mm sides in the trailing edge, cooling of the gas turbine blade can be enhanced. Hence, ribs with an aspect ratio of 2:3 combined with a 45° rib angle and staggered triangular pin-fin perforations with 4-mm sides were used for simulation of cooling at the leading and trailing edge respectively, as shown in Figure 11 .
The results show that by using V-shaped ribs with an aspect ratio of 2:3 combined with a 45° rib angle and staggered triangular pin-fin perforations with 4-mm sides, the blade temperature decreased by 47%, i.e. from 1561 K to 825 K. Hence it is clear that as the fluid flows along the gas turbine blade the temperature of the blade keeps decreasing. This is mainly because the ribs and pin-fin perforation configurations create disturbance to the fluid flow and hence a swirling action takes place inside the gas turbine blade. This leads to an enhancement of the cooling effect.
Conclusions
It was found that the application of V-shaped ribs and pin-fin perforations is a promising technique for heat transfer enhancement inside gas turbine blades. CFD analysis was carried out for ribs with different aspect ratios and rib angles at the leading edge of the gas turbine blade. The results showed that ribs with a 2:3 aspect ratio combined with a 45° rib angle provided the best cooling at the leading edge. The temperature at the leading edge of the blade was decreased by approximately 30%, i.e. from 1561 K to 1100 K.
Simulations were carried out for pin-fin perforations at the trailing edge of the gas turbine blade with different configurations. With application of staggered triangular perforations with 4-mm sides, the temperature at the trailing edge of the blade was decreased by about 32%, i.e. from 1561K to 1150 K. The results showed that with the application of ribs with an aspect ratio of 2:3 combined with a 45° rib angle at the leading edge and staggered triangular perforations with 4-mm sides at the trailing edge, the cooling of the blade can be more effective. With the use of these configurations, the blade temperature decreased by 47%, i.e. from 1561 K to 825 K. Hence, it can be concluded that cooling of gas turbine blades can be enhanced with suitable rib and pin-fin perforation configurations. 
Nomenclature
